Mutations in retinal-specific guanylate cyclase (Gucy2d) are associated with Leber congenital amaurosis-1 (LCA1). Zebrafish offer unique advantages relative to rodents, including their excellent color vision, precocious retinal development, robust visual testing strategies, low cost, relatively easy transgenesis and shortened experimental times. In this study we will demonstrate the feasibility of using gene-targeting in the zebrafish as a model for the photoreceptor-specific GUCY2D-related LCA1, by reporting the visual phenotype and retinal histology resulting from Gucy2f knockdown. Gucy2f zebrafish LCA-orthologous cDNA was identified and isolated by PCR amplification. Its expression pattern was determined by whole-mount in-situ hybridization and its function was studied by gene knockdown using two different morpholino-modified oligos (MO), one that blocks translation of Gucy2f and one that blocks splicing of Gucy2f. Visual function was assessed with an optomotor assay on 6-days-postfertilization larvae, and by analyzing changes in retinal histology. Gucy2f knockdown resulted in significantly lower vision as measured by the optomotor response compared with uninjected and control MO-injected zebrafish larvae. Histological changes in the Gucy2f-knockdown larvae included loss and shortening of cone and rod outer segments. A zebrafish model of Gucy2f-related LCA1 displays early visual dysfunction and photoreceptor layer dystrophy. This study serves as proof of concept for the use of zebrafish as a simple, inexpensive model with excellent vision on which further study of LCA-related genes is possible. Keywords: leber congenital amaurosis; animal model; GUCY2D; optomotor assay INTRODUCTION Leber congenital amaurosis (LCA) is a family of severe, early-onset, autosomal-recessive forms of pediatric blindness. LCA has been linked to more than 16 genes, often exhibiting clinical heterogeneity. 1,2 LCA1 is caused by mutations in the gene GUCY2D, which encodes the retinal Gucy2d-1 (GC1) and accounts for B20% of all cases of LCA. 3 LCA2 is caused by mutations in the RPE65 gene, which is expressed in the retinal pigment epithelium. Breakthrough research has demonstrated visual improvement following gene therapy trials in humans with LCA2. 4, 5 Human trials relied on a decade of proof-of-concept studies in canine and rodent models. 6-8 Unlike LCA2, in which gene therapy is aimed at correcting an RPE defect, searching for gene therapy for LCA1 will involve an attempt at treating the photoreceptors.
INTRODUCTION
Leber congenital amaurosis (LCA) is a family of severe, early-onset, autosomal-recessive forms of pediatric blindness. LCA has been linked to more than 16 genes, often exhibiting clinical heterogeneity. 1,2 LCA1 is caused by mutations in the gene GUCY2D, which encodes the retinal Gucy2d-1 (GC1) and accounts for B20% of all cases of LCA. 3 LCA2 is caused by mutations in the RPE65 gene, which is expressed in the retinal pigment epithelium. Breakthrough research has demonstrated visual improvement following gene therapy trials in humans with LCA2. 4, 5 Human trials relied on a decade of proof-of-concept studies in canine and rodent models. [6] [7] [8] Unlike LCA2, in which gene therapy is aimed at correcting an RPE defect, searching for gene therapy for LCA1 will involve an attempt at treating the photoreceptors.
Research in inherited retinal disease relies heavily on animal models, commonly mammals such as mice and dogs. These animal models have significant advantages, including the availability of knockout technology. Two specific drawbacks slow the applicability of rodent or canine models for study of relatively rare genetic diseases such as LCA and other retinal dystrophies. The first difficulty is the high cost and length of time required to create a new knockout line; thus, it is applicable only for common or large-scale genetic studies. The second drawback when using rodent or canine models for retinal disease is their rod-dominated vision. They lack a cone-only fovea, the area of the human retina, which is essential for acute, daylight vision.
Zebrafish have surged in importance as an animal model in almost every field of medicine, [9] [10] [11] owing to their publicly available genomic sequence, 12 their external fertilization, rapid development, accessibility of embryos (larvae) and the evolutionary conservation of the vertebrate body plan. Their precocious development of vision and remarkable evolutionary conservation of the eye make the zebrafish retina an excellent model for human visual disorders. [13] [14] [15] [16] Another advantage of the zebrafish as a model for human retinal disease is their cone-dominant retina, opening the possibility to specifically analyze cone-mediated disorders that are more difficult to study in the rod dominant nocturnal mouse. Robust visually-guided assays, including the optomotor and optokinetic tests allow quantitative measurements of visual impairment in zebrafish. [17] [18] [19] [20] [21] [22] Yan, Sun and Engelhardt stressed the advantage of non-mouse animal models for accelerated gene-targeting research. 23 Knockdown techniques, which are readily available in zebrafish, are particularly suited for research of early onset genetic blindness such as LCA and can be used to develop alternative LCA-models. In a landmark article, Baye et al 24 showed that knockdown of zebrafish Cep290 via MOs resulted in a reduction of Kupffer's vesicle size and delays melanosome transport. 23, 24 Supplementation with the N-terminal region of the CEP290 protein alone was sufficient to restore visual function suggesting that a similar method may be effective in patients with mutations in CEP290. 24 Here we demonstrate that knockdown of zebrafish photoreceptorspecific Gucy2d gene (Gucy2f), a gene associated with arguably the most prevalent form of LCA, 1 can serve as a readily-available, inexpensive animal model for LCA1.
METHODS

Zebrafish handling
Adult zebrafish (Danio rerio; AB and TL strains) were raised in a recirculation water system under 12:12 h of light-dark cycles at 28.5 1C, adhering to the ARVO statement for the use of animals in Ophthalmic and Vision Research. To produce embryos, male and female zebrafish were paired in the evening. Spawning occurred the next morning within 1 h of light. Embryos were placed in 10-centimeter Petri dishes with egg water (60 p.p.m. sea salts) containing methylene blue (0.3 p.p.m.) and raised in a light-controlled incubator at 28.5 1C (light intensity 12 W/m 2 ). In preparation for whole mount in situ hybridization, 1-phenyl-2-thiourea (0.2 mM) was added to the water to prevent pigmentation.
Cloning of the zebrafish GUCY2D ortholog
The zebrafish genome was searched for GUCY2D orthologous genes (the Sanger zebrafish genomic sequence project database, Zv7), using the human GUCY2D (GeneBank accession number NM_000180) as an input and the tblastn algorithm (http://www.ncbi.nlm.nih.gov). The most similar zebrafish gene is annotated as Gucy2f (ref_seq NM-131864.2, encoding NP_571939.2). An 879-bp fragment was PCR amplified using specific forward primer, 5¢-AGG AGACACTGCCACCAG-3¢ and reverse primer 5¢-AGACCCACGACTCCAGCA-3¢. The amplified fragment was cloned into pGEM T-easy (Promega, Madison, WI, USA) and the identity of the resulting clone was verified by sequencing and by comparison with the zebrafish genome. This clone was used as a template to synthesize DIG-labeled antisense riboprobe for whole mount in-situ hybridization.
Whole mount in-situ hybridization (ISH)
The expression pattern of the putative Gucy2D ortholog, the zebrafish Gucy2f, was determined by whole mount in situ hybridization of zebrafish embryos and larvae. Zebrafish embryos were fixed overnight with 4% paraformaldehyde (PFA) in phosphate-buffered saline (PBS) and stored in 100% methanol. Whole-mount ISH analysis was carried out according to established protocol. 25, 26 Briefly, fixed and methanol-preserved embryos were rinsed in cold acetone for 8 min, dehydrated through a graded series of methanol concentrations, rinsed twice for 5 min with PBS and treated with Proteinase K (10 mg/ml in PBS) for 5-60 min (depending on the developmental stage of the animal). Samples were then fixed for 30 min (4% PFA in PBS), washed in PBTw (0.1% Tween-20 in PBS), and prehybridized for 3 h at 65 1C in hybridization buffer composed of 50% formamide 5Â standard sodium citrate (SSC), 5 mM EDTA, 0.1% Tween-20, 0.1% CHAPS, 50 mg/ml heparin and 1 mg/ml yeast RNA. Hybridization was carried out overnight (651C, 1 mg/ml riboprobe in hybridization buffer), the samples were then rinsed in washing buffer 1 (2Â30 min, 50% formamide, 2Â SSC, 0.15% CHAPS), washing buffer 2 (15 min, 2XSSC, 0.3% CHAPS), washing buffer 3 (2Â30 min, 0.2% SSC, 0.3% CHAPS) and finally MAB buffer (0.1 M maleic acid, 150 mM NaCl, pH 7.5) at room temperature. After 1 h of preincubation in blocking solution (2% blocking reagent, 5% calf serum in MAB buffer), the samples were incubated with anti-DIG antibody conjugated to alkaline phosphatase (AP; 1:5000; Roche, Rotkreuz, Switzerland) in blocking solution for 3 h. The riboprobe-antibody complex was detected by the enzymatic reaction of AP with a chromogenic substrate (BM purple AP substrate, Roche) yielding a purple precipitate. Staining reaction was stopped by replacing BM purple AP substrate with PBS followed by fixation in 4% PFA. Embryos were then placed in 70% glycerol and observed under a dissecting stereoscope and photographed using a digital camera.
Gucy2f knockdown procedure
Knockdown of zebrafish Gucy2f was performed via microinjection of morpholino modified antisense oligos (MO) (Genetools, LLC, Philomath, OR, USA) to one-or two-cell-stage zebrafish zygotes as described. 27, 28 Two different, non-overlapping MOs were injected on separate batches of larvae to reconfirm the observed functional effect. The first MO sequence, 5¢-AGAGACCTGAAAGGGAACAGAATGT-3¢ (Gucy2f I2E3 MO), was designed to target the intron2-exon3 boundary of the zebrafish Gucy2f gene, to interfere with splicing. The second MO sequence was targeted to the translational start site, AUG, to block translation initiation: 5¢-GAGGTGAATATGACG-CATTGTCCTC-3¢ (Gucy2f ATG MO). BLAST (Basic local alignment search tool) analysis was performed using UCSC genome browser (http://genome.ucsc.edu/) to verify that this MO does not bind gene sequences other than its target. Standard control MO, 5¢-CCTCTTACCTCAGTTACAATTTATA-3¢, which has not been reported to have other targets or generate any phenotypes in any known test, was injected as a negative control.
Visual testing procedure
Repeated stimulation by moving grating stimuli (256 pixels per cycle, corresponding to 0.16 cycles/degree at a distance of 8 cm, speed 144 pixels/s; we make the moving stimulus program freely available at http://michaelbach.de/stim/) was presented to groups of 36-days-post-fertilization zebrafish larvae in a transparent racetrack aquarium placed on top of a laptop computer screen (Figure 1 ). The side walls of the racetracks were opaque, thus the fish could only view the laptop screen. Larvae were tested specifically at this age because no schooling behavior is observed at this stage of development, 29 yet their vision is already well developed. Larvae were repeatedly exposed to gratings moving in two different directions; six runs of 90-sec duration for six times, three in each direction. Each set of six tests was repeated on four different days with new fish for each test, to assess inter-individual variability. Altogether, responses were recorded 24 times from four different sets of 30 zebrafish larvae. To quantify the population response to the optomotor assay, the tank was subdivided into four equal sections orthogonally to the racetracks: For each grating motion direction, the last quarter section of the computer screen and aquarium area was denoted as the 'target area' (left or right side). After the
Racetrack Aquarium
Moving gratings Moving gratings Figure 1 The optomotor visual assay; diagram (left), photograph (right), close-up (below). A fish aquarium containing two 'racetracks' is placed above a computer screen. Thirty wild-type larvae are placed in each track. Moving gratings are presented on the screen to the fish larvae through the transparent aquarium. After 90 s of grating presentation, the number of fish in the last one quarter of the track, the target area, is counted and recorded as a proportion of the total number of fish.
A
, a digital photograph of the target area of the aquarium was taken. From this documentation the proportion of the fish in the target section was counted in relation to the total number of fish. Blind mutant fish are expected to either exhibit no optomotor responses, or to respond only to coarse gratings if visually impaired. 20, 30 Retinal histology
Larvae were fixed for 24 h in 4% PFA, followed by rinsing-off the PFA with zebrafish egg water twice (The Zebrafish Book, https://wiki.zfin.org/display/ prot/ZFIN+Protocol+Wiki). Mirror-agarose molds were prepared according to the technique described by Tsao et al. 31 The mirror-agarose gels enabled adequate alignment of the small larvae, needed for accurate microtome sectioning. The agarose blocks were immersed in 70% ethanol for 24 h, followed by dehydration until Paraffin fixation was performed. Threemicron-thick sections were prepared and stained with hematoxylin-eosin (H&E) and with immune-histochemical staining of the zebrafish double cones. For double-cone staining, the zpr1 primary antibody (Zebrafish International Resource Center, Eugene OR, USA, at a dilution of 1:20) was used followed by secondary-biotin stains, using the technique described by Larison and BreMiller. 32 From each study group, 15 different larvae were randomly selected and screened. Four representative non-overlapping high-power fields (Â100) at mid-lens sections from different animals of each study group (wild-type, Gucy2f I2E3 knockdown and Gucy2f ATG knockdown) were selected. Mean double-cone counts from each group were compared using ANOVA.
RESULTS
Identification of the conserved Gucy2f ortholog gene
Using bioinformatic tools and the available zebrafish genome data base, we have identified a short sequence with relatively high similarity (80% identity) to the human GUCY2D mRNA. A 879 bp fragment was then PCR amplified and cloned. This sequence is part of a larger gene, located on zebrafish chromosome 15, which has been annotated by the Sanger genome project Gucy2f (refSeq NP_131864.2). Importantly, expression of this Gucy2f ortholog is highly specific for the zebrafish retina. Figure 2 displays dense uptake in the ventral patch of the DIG-labeled Gucy2f-antisense riboprobe. The ventral patch is the area in which the retina develops at 3 days post fertilization. 33 The whole mount ISH additionally displays some uptake in the pineal gland. The sequence conservation and retinal expression together suggest that zebrafish Gucy2f is the ortholog gene of the LCA-related human GUCY2D.
Gucy2f knockdown impairs vision
Following injection of the two non-overlapping MOs, Gucy2f I2E3 MO and Gucy2f ATG MO on separate batches of larvae, both batches displayed markedly impaired visual acuity in the optomotor assay when compared with wild-type and control MO-injected larvae. Figure 3 displays the percent of larvae within the target area after 90 s of grating motion. As the tank was divided into quarters, the random chance value of being in any quarter would be 25%. Of the wild-type zebrafish larvae and of the control MO-injected 6-day-old larvae a median of 90% (confidence interval (CI) 61.7-100%) and 87% (CI 50-97%), respectively, were in the target section, while the median of the Gucy2f I2E3 MO batch and the Gucy2f ATG MO-injected zebrafish following the 0.16 cycles/degree grating that were in the target section was 40.0% (CI 22.8-77.2%) and 31.5% (CI 14.3-48.8), respectively, and were significantly above the chance level of 25%, differing significantly from both wild type and control (Po0.0001 in both cases after Bonferroni correction for multiple testing).
Gucy2f knockdown leads to retinal dystrophy -histology Knockdown of the Gucy2f in zebrafish larvae led to early-onset immunohistochemical changes in the retina. Double-cone staining with the zpr1 antibody was markedly reduced in both Gucy2f I2E3 MO, Gucy2f ATG MO compared with wild-type larvae. Representative slides were used to count double-cone staining in the wild-type group (mean count per Â40 field ¼39.5, 95% CI: 33.5-45.6, standard deviation (SD)¼9.0); almost no double-cone staining in the Gucy2-f ATG MO-injected larvae (mean¼0.75, 95% CI: À5.29-6.79, SD¼1.50) nor in the Gucy2f I2E3 MO-injected larvae (C) (mean¼1.25, 95% CI: À4.79 through 7.29, SD¼1.50) was seen. The probability of this result using an ANOVA, assuming the null hypothesis, is o0.01. Figure 4a demonstrates representative low-magnification slides from zpr1 staining. One may appreciate the diffuse zpr1 staining of the double cones in wild-type larvae, which is not present in Gucy2f knockdown larvae. Figure 4b , left column, displays higher magnifications showing details of double-cone staining patterns in the wild-type larvae as compared with the reduced staining in Gucy2f I2E3 MO and Gucy2f ATG MO. Figure 3 Visual response of the zebrafish Gucy2f I2E3 MO, Gucy2f ATG MO, wild-type larvae and control MO-injected zebrafish. Group results are depicted as boxplots: the thick line indicating the median, the notch the 95% CI for the median, the boxes are the ±25% percentiles, the antennas the ranges and the outliers (1.5Âthe interquartile range outside the quartiles) are represented as circles.
A zebrafish model for Gucy2d dysfunction H Stiebel-Kalish et al Figure 4b displays representative slides of H&E from wildtype larvae, Gucy2f I2E3 MO larvae and fish injected with control MO. Structures were assessed by morphology, based on studies describing the zebrafish retina and photoreceptors. 27, 32, 34 Prominent outer segment shortening was observed in Gucy2f-knockdown larvae, as compared with wild-type larvae and control MO-injected larvae.
DISCUSSION
Recessive mutations in the photoreceptor-specific Gucy2d gene (retGC-1); GUCY2D are associated with LCA1, one of the most prevalent forms of this disease family. 3 Dominant mutations in GC1 are also a major cause of cone-rod (including CORD6) and cone dystrophies, accounting for up to 35% of such cases. [35] [36] [37] [38] LCA1 is part of a family of severe, early-onset, autosomal recessive blinding disorders characterized by extinguished electroretinogram, which precedes photoreceptor degeneration. LCA1 patients present in infancy with severely impaired vision and extinguished ERG despite a normal fundus and retained photoreceptors in both their macular and peripheral retina for decades. [39] [40] [41] [42] There is relatively better maintenance of retinal structure in LCA1 patients than that seen in other forms of the disease. 42 Taken together, this suggests an important role for the zebrafish as an animal model on which rapid visual screening and retinal histology may offer a unique advantage in the study of GC1 disease through both gene knockdown or future studies of dominant gene supplementation.
In this study we have found that the zebrafish ortholog for human GUCY2D has a crucial and early effect on vision and on retinal organization. At 6 days post-fertilization, larvae with Gucy2f gene knockdown exhibited markedly decreased vision, with only 32-40% of larvae responding to a stimulus normally seen by B90% of wild-type larvae.
The fact that vision was measured slightly higher than the 25% chance value may be explained in several ways. A visual response that is markedly reduced but higher than chance response following Gucy2f knockdown could imply the existence of residual vision. This is in accord with the slight preservation of vision documented in some human GUCY2D patients. Li et al 1 found a visual acuity of at least finger counting in 3 out of 13 patients (Table S6) , whereas Perrault et al 43 recorded vision of 1/15 and 1/17 in one GUCY2D-LCA case. Another, noncontradictory, explanation is that the MO knockdown is not 100% efficient thus or that not all larvae were equally injected.
In our report, in situ hybridization results display expression of this Gucy2f ortholog that is highly specific for the zebrafish retina. This concurs with prior detailed expression studies in the zebrafish, using in situ hybridization and immunohistochemistry by Rätscho et al. 44 These results confirmed the location of the mRNA of photoreceptorspecific Gucy2ds by in situ hybridization techniques for all Gucy2ds between 3 and 4 days post fertilization suggesting that their controlled expression coincides with the onset of visual function. Studies in mice with the GC1 null allele 45 reveal that, although GC1 is also expressed in rods, it has a crucial role in cone function.
The described retinal changes observed in LCA1 patients are compatible with those found in this study of zebrafish with the Gucy2f knockdown. One study reported the post-mortem retinal findings in a child with GUCY2D mutation and another study reported the optical coherence study findings in three patients with LCA1. 42, 46 Milam et al 46 reported a lack of cone labeling using anti red-green cone opsin, which may resemble the lack of zpr1 staining in our report. Additional findings in zebrafish reported here include morphologically visible outer-segment loss of both rods and cones, compatible with the human finding of rods and cones without outer segments. 46 The inner nuclear layer is unaffected, as seen in both this representative sections (Â400) following zpr-1 antibody staining of double cones reveals (brown) double-cone staining (asterix) in the wild type in contrast to reduced staining in Gucy2f ATG MO and in Gucy2f I2E3 MO larvae. Right column: light microscopy, hematoxylin-eosin stain (H&E, Â100. Wild-type zebrafish larvae reveal normal retinal structures and development of the photoreceptor layers. Black bracket indicates length of photoreceptor outer segments. Gucy2f I2E3 MO larvae display shortening of photoreceptor outer segments (no bracket). In the MO control, note the normal outer segments (black brackets).
A zebrafish model for Gucy2d dysfunction H Stiebel-Kalish et al zebrafish study and in the retinal structure of a patient with LCA1. 46 The changes observed in our 6-day-post-fertilization model may resemble the earliest changes observable in humans following loss of GUCY2D function. This complementary model provides an additional window into the earlier stages of disease progression in an animal model with highly developed cone vision. Our understanding of the early effects on photoreceptors would be enriched with immune-electron microscopy studies of these cells.
The costs, time frame and equipment required for zebrafish screening are far less than those involved in mammalian knockout models. Such rapid testing opportunities in the zebrafish offer an appealing method to assay whether gene knockdown or introduction of dominant, gain-of-function proteins related to human disease will result in a phenotype before embarking on large-scale genetic studies or gene therapy trials.
Three well-characterized animal models of GC1-deficiency exist, all carrying null mutations in GUCY2D: the naturally occurring Gucy1*B chicken, 47 the Gucy2d-1 (GC1) knockout mouse 48 and the Gucy2d-1/ Gucy2d-2 double knockout (GCdko) mouse. 47 Therapy results on the GCdko mouse have yet to be published, 49 but talks and posters have indicated that gene replacement was a success, conferring long-term therapy to both rods and cones (Boye et al 45 , personal communication), demonstrating this model as a true phenotypic mammalian model of LCA1. 45 Using the optomotor response assay, untreated GC1KO mouse eyes perform poorly with a visual acuity of 0.16 ± 0.04 cycles per degree, whereas isogenic GC1+/+ control eyes responded significantly better, showing an average acuity of 0.42 ± 0.05 cycles per degree. Gene replacement-treated eyes displayed an average acuity of 0.39±0.08 cycles per degree, a level essentially identical to control +/+ eyes and significantly better than untreated GC1KO eyes (Po0.0001).
When wishing to screen animal models for rare gene mutations, the zebrafish offers an appealing alternative to the rodent or canine models owing to their excellent cone and rod vision, the simple and inexpensive nature by which they can be genetically manipulated and the availability of open access genomic information.
In summary, we have identified the conserved Gucy2f ortholog gene in zebrafish, which is highly expressed in the retina, have shown that targeting this gene with antisense oligonucleotides leads to significantly decreased visual function in zebrafish larvae and leads to retinal photoreceptor changes. This study provides additional proof of concept that zebrafish can be used as an efficient alternative model to study the effects of LCA-related, and possibly other retinal dystrophy-associated genes. Future work will focus on evaluating the phenotype of zebrafish injected with MO in conjunction with wildtype Gucy2f plasmid with a goal of further developing the zebrafish as a viable model in which to study gene replacement therapies for retinal disease.
